We have utilized the rat hepatoma (HTC) cell sorting variant CR4 to examine the glucocorticoidregulated pathways that localize mouse mammary tumor virus glycoproteins to the cell surface. The defective sorting of cell surface mouse mammary tumor virus glycoproteins in CR4 cells was complemented after fusion with either normal rat hepatocytes or uninfected HTC cells. Indirect immunofluorescence of transient heterokaryons revealed that the regulated localization of mouse mammary tumor virus glycoproteins was dependent upon glucocorticoid treatment and required de novo RNA and protein synthesis. Thus, a glucocorticoid-regulated trafficking activity, unrelated to mouse mammary tumor virus sequences, which is induced in both adult rat liver and cultured hepatoma cells, can act in trans to mediate an intracellular sorting pathway for membrane glycoproteins.
Glycoproteins destined to be membrane-associated or secreted undergo a series of specific compartmentalization and processing reactions during transit from their site of synthesis in the rough endoplasmic reticulum to their final cellular sites of function (1) (2) (3) (4) (5) (6) . Relatively little is known about the reactions in the rough endoplasmic reticulum or Golgi that control the sorting of membrane-associated glycoproteins in cells that lack secretory granules. The existence of multiple intracellular sorting routes in these cells is suggested by individual membrane-associated glycoproteins that are transported with varied kinetics (7) or with a rate-limiting step in rough endoplasmic reticulum to Golgi translocation (8, 9) . Conceivably, these transport pathways may include regulatory steps or branch points that specify alternate processing or localization fates that are necessary to ensure delivery of properly processed and biologically active glycoproteins to the cell surface; however, the cellular mechanism and transport machinery has not been fully defined.
To pursue this general question, we are utilizing a genetically manipulatable experimental system in which the posttranslational maturation and localization of specific cell surface glycoproteins are under the control of selective hormonal signals. Previous studies have shown that glucocorticoids regulate the maturation and sorting of mouse mammary tumor virus (MMTV) glycoproteins in M1.54 cells, an MMTV-infected rat hepatoma cell line (10) (11) (12) (13) . A single Mr 74,000 glycosylated precursor polyprotein (Pr74efV) is initially synthesized in the rough endoplasmic reticulum in both hormone induced and uninduced cells. The predominant Pr74env-derived maturation product in uninduced cells is an extracellular Mr 50,000 glycoprotein (gp5O).
In contrast, exposure to dexamethasone, a synthetic glucocorticoid, redirects the posttranslational expression of this viral encoded precursor resulting in the localization of three new cell surface viral glycoproteins (gp78, gp70, and gp32) as well as an extracellular form of gp7O. Both gp78 and gp70 represent different glycosylated forms of the same polyprotein, whereas gp5O represents the amino-terminal domain and gp32 the carboxyl-terminal domain of a proteolytically cleaved polyprotein (12, 13) . We have recovered and characterized a M1.54-derived variant (designated CR4) that is selectively defective in the glucocorticoid-regulated sorting pathway but retains general competence for glucocorticoid responsiveness (11, 12) Intact cells were then incubated with anti-MMTV antibodies, and cell surface-associated and intracellular MMTV proteins were immunoprecipitated and electrophoretically fractionated in NaDodSO4/polyacrylamide gels as previously described (12, 13) .
RESULTS
Expression of Cell Surface MMTV Glycoproteins in WildType M1.54 and Variant CR4 Cells. To compare the relative levels of cell surface MMTV glycoproteins in wild-type M1.54, complement-selected CR4, and uninfected HTC cells, dexamethasone-treated cell populations were incubated with anti-MMTV glycoprotein antibodies and analyzed on a fluorescence-activated cell sorter. The mean fluorescence intensity of wild-type M1.54 cells was approximately 10-fold higher than that of variant CR4 cells, and there was virtually no overlap in the distribution of fluorescence ( Fig. 1 Left) . Importantly, the overall fluorescence distribution within populations of CR4 cells closely paralleled that of uninfected HTC cells. Anti-MMTV-antibodydirected immunofluorescence of individual dexamethasonetreated cells was examined after homologous cell fusions. Fused M1.54 cells displayed a bright immunofluorescentcapping pattern, which reflects the presence of plasma membrane-associated MMTV antigens (Fig. lb) . In contrast, CR4 and uninfected HTC homokaryons ( Fig. 1 d andf) remained strikingly similar to that of uninduced wild-type M1.54 cells (10, 12, 13) . As expected, homokaryons of uninfected HTC cells do not produce any intracellular or cell surface viral polypeptides (Fig. 2, lanes C and F) .
CR4 cells synthesize structurally and functionally normal MMTV transcripts and are not globally defective in the expression of total functional mRNA and cell surface glycoproteins (10, 12 (Fig. 3j, 1 , n, and p). Under these conditions, actinomycin D inhibited [3H]uridine incorporation into total RNA by >98% and had no effect on total and MMTV protein synthesis, whereas cycloheximide prevented the incorporation of [3H]leucine by >95% without significantly affecting total transcription or MMTV RNA synthesis (13, 19) .
The results shown in Fig. 3 (as well as the homologous fusions shown in Fig. 1 Fig. 5 ). The complementation efficiency for normal hepatocytes was 18% for hormone-induced heterokaryons and less than 1% for uninduced heterokaryons (Fig. 5) . As expected for uninfected cells, rat hepatocytes do not express cell surface MMTV glycoproteins (Fig. 5 b andj) . Since this complementation is dependent upon dexamethasone treatment, the glucocorticoid-regulated trafficking activity that mediates the localization of cell surface glycoproteins appeared to be a normal component of the transcriptionally responsive glucocorticoid domain in adult rat liver.
DISCUSSION
By somatic complementation of the glycoprotein-trafficking variant CR4 with uninfected HTC cells and rat hepatocytes, we have established that glucocorticoid-inducible cellularencoded components act in trans to regulate the compartmentalization of cell surface MMTV glycoproteins. The precise mechanism by which this glucocorticoid regulated trafficking activity functions remains to be elucidated. Conceivably, rat hepatoma and liver cells may encode a positive sorting factor, analogous to the actions of 82-microglobulin (20, 21) , egasyn (22) , heavy-chain binding protein (23) , or the mannose-6-phosphate receptor (4, 24) , which directs the transport of specific glycoproteins into and through distinct intracellular routes or may help retain glycoproteins in a given vesicle population. Alternatively, glucocorticoid hormones may induce a processing activity that modifies specific classes of glycoproteins in a manner that allows them to (18) . As a result of this apparent sequence specificity, glucocorticoid-receptor complexes can directly modulate the rate of RNA synthesis (18, 25) . Consistent with this mechanism of action, treatment with inhibitors of de novo RNA and protein synthesis (actinomycin D and cycloheximide, respectively) prevented the glucocorticoid-induced complementation ofCR4 by uninfected HTC cells. The low level of complementation (2.3%) detected in fused cells exposed to actinomycin D corresponded closely to the level of de novo transcription observed (5%) under the conditions of this experiment.
The biological function of hormone-regulated glycoprotein trafficking in liver-derived tissues is unknown. Conceivably, this pathway may control the expression and activity of functionally related sets of genes at precise developmental stages or in response to specific environmental stimuli. For example, during inflammation in vivo, glucocorticoids regulate the transcription of a variety of secreted liver glycoproteins (19, 26) . Perhaps the rapid externalization of these glycoproteins may also reflect concomitant alterations in intracellular protein trafficking. With this in mind, the immunofluorescence assay was used to examine fully differentiated normal rat hepatocytes as well as hepatoma cells with different apparent developmental properties. Our results demonstrate that the relatively dedifferentiated HTC hepatoma cells (Fig. 3) , the more differentiated Fu5 hepatoma cells (17) , and normal liver cells (Fig. 5) cells in a hormone-dependent manner and therefore express the glucocorticoid-regulated trafficking activity. These studies also established that the hormone-dependent defect in CR4 is encoded by a complementation group distinct from the glucocorticoid receptor (17) .
We have recently observed that transfection of genomic DNA isolated from uninfected HTC cells can complement the defect in variant CR4 (D.A.B. and G.L.F., unpublished work). Thus, the use of a well-characterized immunoselected variant defective in the localization of MMTV glycoprotein substrates has uncovered a glucocorticoid-inducible regulatory circuit that functions to direct the localization of exogenous viral glycoproteins to the cell surface. This regulated compartmentalization process may have general importance in mediating the trafficking of perhaps many other cellular glycoproteins, and variant CR4 cells will be particularly important for genetic approaches to define the biological significance of this phenomenon.
